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Risks of Earth system tipping points
Increase with global warming :
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CO, Adsorption CO, Utilisation
. €O, +H,0 \!
® o
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Adsorbent
performance . catalysis

HzN\/\N/\Aﬂz e 1
/"—/ I_]*

e\ Q@ & a1
ware D@D WO oo

CO, source

2)

Water splitting: H,0 — H, + %0,
( 1
A\
|-

Acidic: Acidic:
2H,0>0, +4H" +4e- M+ 26> 2H,
Alkaline/neutral:
4H,0+ 4e —2H, + 40H

Alkaline/neutral:
40H ~0,+2H,0+4e (@) ®
@ L)
@ Qo
[© ()
(0] Qo
° oOO
@ ©0
) 00
OER HER
catalyst catalyst
y
3) Membrane

ZX: IL. Zhang et al., Processes 2022, 10(12), 2600, 2L

a8|0] =

Steam Methane Reforming: CH, + H,O — CO + 3H,

Coal Combustion: C + H,0 — CO + H,

Water Gas Shift reaction: CO + H,0 — CO, + H,

=22 A
22 A

Amine adsorption: CO, + 2RNH, <~ RNHCOO- + RNH,*
Solid adsorbent: (CaO/MgO/Zeolite, MOFS, etc.) + CO, — adsorbentCO,

Methanol synthesis: CO, + 3H, - CH;0OH + H,O

a2 52 :
Water electrolysis L LR
H
2H20 + Energy — 2H2 + 02 Ammonia
(NH3)

Ammonia cracking

2NH3 g N2 + 3H2 "

Hi N e Hap

Hydrogen-Nitrogen
Mixture Gas
(Ha4N2)

. B. Hamdy et al., Materials Advances 2021, 18, 3A. J. Shih et al., Nature Rev. Met. Pri. 2022, 2, 84, 4A. Cucuk, OffshoreEnergy 2024

Joint Development yydrogen

Hydrogen
Purification
System
(Membrane)

(Hz)
H =8

N

Nitrogen
(N2)
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USD/MWh (LCOE) 150—450 68—166 180—350 141-211 29—-92 27—84
USD/kg 4-10 0.1-0.15 0.6—0.8 220 - —
MJ/kg 142 44~46 24~35 8.0*107 - -
8—9 9 9 9 9 9
A M A
7l& 9== (TRL) Developing Optimized Optimized Advanced Developing Developing
CO,, SOx CO,, SOx _
MM 2 = 2 ; 2 ; HE AFA =] — —
ce= = NOx, Ash NOx, flue gas < H3 =
A = = Power generation Fertelizers
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ZX: Lazard LCOE+, 17/18 2025, IEA World Energy Investment, IRENA Renewable Power Generation Cost
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350-700 bar

20 °C
23-40 kg, ,/m?

1-6 bar
-253 °C
70.8 kgy,/m3

Mllinsulation  copy Refueling
i G e

250-350 bar
-200 °C

Cryo-compressed H,

80-100 kg, ,/m?

SEE=

Ha storage

Metal-Organic
Frameworks

=45 87|22Z2(MOFs) - 22X &3t
H, — MOFs + -196 °C + 100 bar
MOF-5 (31 kg,,/m?)
Ni-MOF-74 (52 kg"2/m?)

Ko w5
5 5 8 & s i

Nanoconfinement
MgH,|LiBH,|NaAIH, + Carbon
45~65 kgH2/m3

s1aR K&

400-700 °C
Ru, Ni, Fe cat.
121 kg,/m?

H/ \ H
H

Ammonia (NH,)

250-350 °C &
Pt, Pd, Ni cat.
47.5 kgHZ/m3 Toluene
200-300 °C ']'
Cu/ZnO/ALO, cat. S
H
3
99.8 kgy,/m Methanol
25-100 °C 0
Ru, Ir, Pd cat. H)J\OH
3
53.7 kgyp/m Formic acid

ZX: "U.S. Department of Energy, 2J. A. Gomez, and D. M. F. Santos, Designs 2023, 7(4), 97, 3S. P. Shet et all., International Journal of Hydrogen Energy 2021, 46, 21, 9T. T. Le et al., International Journal of Hydrogen Energy 2021, 46, 46
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o4 UL Cfst 2= of = d2f= (Physical Storage)

=
TT

HI

42 HF wao oE

Hydrogen Storage Technologies ol [ aoME 25 « o

50 30 MPa e

Physical Storage Materials-based Storage

Density (kg/m?)
5
5
/
ro
|.|'|
N
AL
°
11k}
"
J
E fu

20 A
5MPa
o o1MmPa \
1MPa K otz = LIO}ZE
Compressed Gas Adsorbents 0 L . - - : : . : . B
=300 =250 =200 -150 -100 =50 0 50 100 150
Temperature ("C)
Cold/Cryo- Carbon materials 24 8] 22 Hl1HE (Materials—based Storage) ?
Compressed e.g. activated carbon
AT ER R Eorrin Density Energy per mass Energy per vol H, density
ry [kg/m?3] [kJ/kd] [GJ/m?] [kgy2/m?®]
S MOFs

Liquid e.g. MOF-5 Hydrogen H, 0.09 141,890 0.013 0.09

LH, H, 7 141,890 9.9 71

Chemical Carriers Hydrides LNG (Methane) CH, 423 56,530 ~20.5 106
LPG (Propane) CiHg 581 50,400 25.2 106

InorgsréloNC; fIeTs Inte;sgtltll_leHay(Lndes Methanol CH,OH 793 22,700 18.0 99

xn W -5 5703
MCH CsHy4 862 42,500 26.9 96
Organic Carriers Complex Hydrides

e.g. toluene/MCH eg NaAIH4 Ammonia NH3 771 22,500 17.4 136

EX: "M. Aziz, Energies 2021, 14, 5917, 2312t ChK|0f| L4 X| ==2(Hydrogen), Korean Register, 2022
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H, gas -253 °C LH, o :
sige Jﬂ"”‘w"a”"‘" .......... ol W I )
Azl gH| 7|2 SHEH|
— sl 32 °* 0 Asprd SHAL WBOHY o
" $2 MYI|& FEHE HlR . o ]
Hoipo AT MY

2024H — 4234 USD
2025 — 4379 USD

TA7|H M= Al M7= st XE7|s Liquid Hydrogen Market 2
Market Size in Kilotons

D(-000Bar) 7IHIAENZ KT -253°C IA20IA st MBI Y QIIBIEIE SARIIIE
(WBPIZ) g, 4o fu @D i

PR

« SR 75 ) 7|k + ARl(3banOl K3 7ks - N2 TRl0IM H3
 SAR Y BA HE 7t5 + HEE OLITIRY UE £ - TS SAX 15

» DAY HFOLX| L - A5 Uy - /oS TS 2R
@ - AT UXING 2 $E @ + HSIA| CHEOIAA| 2R - $ASL a0t HH EQ

2025 2026 2031

EX: D4A7|2 02 F 2, BARMTHE 2022, Mordor Intelligence, UStEAETA MS Q. ME0|LHX|ZA

2035 - 2F 7004 USD
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MO £A — Ortho &4 : Para &4 = 75% : 25%
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S 80 4 4 4 -4 | _~Hydrogen atom
= -
=
= ¥ *Covalent bond
- | | |
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S
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~ o T T T r |
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Temperature (K)
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—8— Energy
k‘tﬁ —p— Para-Hydrogen -1 100
500 J
® Ortho 44 — Para $4 (##: 527 J/g) | S
s 40T .ﬁ st A0 SUHY: 445.6 J/g s
o |
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\
5 200 o > A5
. T, =2
. L T i s
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®0o oe
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0
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0
-250-225-200-175-150-125-100 -75 -50 25 0 25
Temperature (°C)

OHFO0|T FTIHI WSS KT

mp Fc-3H(CHEA) =0, Ni-MOFs,

I |
I I 100 592.8 - 90,6 929:‘{3
| Ortho-H: Para-H: | %% N
s ol Al
I s LA N
: N N
s z 2N 1
I I é 40 g§ é§\ 36.1
; N A
[ I A A\
1 A\
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! 7 A
' 1 1800 3600
GHSV (b)
Ortho-H H
L
i 2
-
———
CcC=1
Magnetic
Catalyst

<\
\]e‘ ara-H,
¢ ¢ ortho-H, o o HZ/

Z£X: 1S. Zhang, K. Li, G. Liu, Clean Tech. Enviro. Policy 2023, 25:1015-1041, 2)L. Yang et al., International Journal of Hydrogen Energy 2024, 93, 1042-1048, 3D. M. Polyukhov et al., ACS Energy Letter 2022, 7, 12, 4336-4341
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Fuel Preparation

/ Room

(@)

= == == == =

| Pressure Re]ief/‘/
Valve |

Insulation

\
l — o — 7 - Tank Connection .
Space
Fuel Line Boil-off
Bunkering Line Capture

Double Bottom Double Side

Support Structure

Z£X: 1S. Brouzas, M. Zadeh, B. Lagemann, International Journal of Hydrogen Energy 2025, 100, 1543-1560

Cofferdam

XZ ®ME ot (Multi—layer insulation)?

Radiation heat transfer ' Heat 1

Solid conduction Heat leakage

‘ Heat leakage

SO0

0
0

Radiation heat transfer

UsipA W30l PEM 54

« ZSUStE #ATIAE EESIH I3 HHS Azt
« B3 LfF UllageE S5+ YH =&
+ Mut L Double Bottom/SidetZ & 6t Ot Y &t
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| WRIEA 2157 |X| ZZLE (20261H)"

R3O0 MHE MRISAKIT AIAH HIZ

= £t Ao 7144
7 ID 25.3m ID 16.6m
s m ball type tank ball type tank
me 4,732m? 2,500m?
gz e (ton) (380ton @81 kg/m*7 |Z) (177ton @71kg/m*7|%)
® 7ero boil-off 7t
® il THE CHH| MEUE 15% 0l &5
Y o B3] A| BYQmyIA XiF|| AUst U XE Tts | @ TUCR 7| F 37| R BN SS
® S CAPEX
o MUKHOR 0|H742| & QlaP7t 71 st
® TU7RA TR0 CHEHO|Z{H2] B 617t 7 1= ZEt
iy o 24T N HR o 1191 87| A80i| w2 &2 CAPEX
. o S W70 IZ oflufx| Ad| o MUE7|of tieh AEUI S
o HFEA| BUST7IA #a| Wote
e a2l | KAWASAKI(Z=)
-| | [=F]nl &l : '
i ) _ ) ) ) ool MED s ER7k | a2l | NASA, CBRI(CS) IC technology(-220)
- GOAHM, SIEIIAZTAL S 1470 4h=h 3 7|2 &8 Ao KNEH T G A5t A|AR 7| s
(2026. 04 ~ 2029. 12)
o HXEH Wzt A KA T (4,000 ~ 50,000 md 2)7|&9 ME x|
48 us4A MY
— A A\H@
M 3t = &

LIQUID HYDROGEN

« MAHEZ:6,200L (=32 5,600L)
« ™3 2H: 4,150 kg (2—4 bar | ~13 bar,

Q47| B2 M7, 2bl 26689 £, IAME 2026, 244 £YUS S AX$2 9147|K| DY}
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PN
= .

0z

as
3 X

0Z

Stainless Steel

17



PERER
IUSEIRE v Al v
2ol 9
P —.
2usp] ( =)
Ao e g
SoIFAL (AL 4 10,5008 I
Hz XA
HeS 033-534-6648
AN DS SASHESAE 94008
Hz oM
Heis 033-940-1071

.
N
141 #23F
7II1I-.*—.+. =4
250kg/CH
EHEY Y

(1

ZX: USK E&S News, $=2EHA0| C{st 0[0F7| 2 2{Dream, 2022, A=A Z K M5t 22

124)

¥ed, duret MY

M 2HIH Hoied SHL

FURI

(=00bar, SO0er]
s ——
— P ——
e ——
_
=—

[H2 f B

--iv

e — — MM
E?;:s“ | i m_ i ‘lli'-'i’
CEEE S EEE] ] SHEWE U g
[25ai) (3008ar! el k-3
E 15MIH Y SHA
B 'l‘.' ?ia]"l Q‘%’ltﬂu&lr‘j {58 7| (sansar)

GHmSIA

.m_.uhbg

EEER EE

"
Jsime >

sap :'HPru-(onlwI

0Bar

Hyss SHEys w27
[Z3Bar) [srzovean ¥ E(00kar) (Chiller]
B 1HIH 29t A
- Sl =8 B2 Y A=) a8
s HEWR il AE87|
imbu] {s002ar) [3000r)
s ——
4@ : e
LH2 ' =

Wi W32

HEya

g
{2-53ar)

(Chller]

KISTEP 2025

. — ga¢|iii‘-——a-lllllh

5 @7 [Pre-cooker)

18



DOOSAN FHouEe|E]”

o3t 5 ton / day
4 SMR — 80K Cold Box — 20K Cold Box — LH2 Tank

000% (30,000 t/year)

Lo
T
=

L

E&S

SI?bbl.t.cwom SKO|=H|O|M ££ oILiX] AFH"

—
1o}
=
o

19

~”

» HD¥LIZ 3

O Hanwha

Isoj& R A

e

X

ol
=

GS A

POSCO

4 0K ALY, 4 O X], I 8S S Y, 24 0=

4

3
=

8
Sufoses S 22
s A
oz Afel w2
Ao 2alEl &

b

INDUSTRIES 3

HEAVY

24 5810
VO N

19

4
o
M
R
=
s

E¥z3Yo| 20 ofat
Taels 26 lE ok

[ ]
H: DSKO|=H|O| M =2 O H K] ALY, 25

=
=



2)

o AlEMIE

ord

_x_._|

ri)
<l
i
4o
O
KO
C3
<
<+

H|H

T2%=h S 02 =2FHoA e

HEH UX| =ESE

E|AEH|E

@435

m
o .
£l
Gl
fmn

&
!
Q
(3]
i]
&
i
H
o 1
< B
<+
®
3
Mo

(4]
4
&
=
8

y
W
<
-A
§

0]0

20
K

it

700

SadER

Sad=

8]

=]

[

~ 30

22—26

20—23

21-22

44 BBAH X4,
AR 24 S
HET| M2 AE

Faa A

i
ETEYE

TAAHEA

e

)
~ KH

<|- oK
ol 3l
ar =

dr

o0

00 0
mo
K
oS
T ro

(

&

MSFAY a
- MIRAIY @

E

HFA DHE HAE]
- MIRAIY @Y AIEAIE

20

b O &M K], https://gangwoninvest.gwd.go.kr/

ofl

SEXX = FXHK|

229l

Heparg,

q

AS LR =

o
2

4

(= x|
= FElE,

s

| X

A
A

B3 rul
S0 3

x: nc

=
=



| Adsorion

Dissociation  Recombination  Desorption

§ Level' Y
o Level '— 1
Level




U2LIOF 2290 oy o

AZLIOL =X H AIF XY

[
N Ammonium Direct
G Phosphate application : : . i
fertilizers _~"  fertilizer Green Ammonia Production Market Size, By End Use, 2022-2034 (USD Billicn)
Ammonium ad
Nittate — 20 S\

fertilizers
2.63
Urea I I

i Other N
ol

otZL|0} (Ammonia, NHs) fertilizers
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—33 C2 =2 H|SH
o
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%% AH A|- 7[ 4 A %EQI. IJEEI. m Fertilizer Production ~ m Energy Storage  m E-fuel ~ m Pharmaceuticals ~ m Others
2NH; — N, + 3H, o UEL|Ot 7[EF 24 (CO(NH,),)= HE X EFA BAMSE HUS 2450 Sy AEY
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UZL[0} 2ol ABlra it o0y g
H0Oi & 2L [0} 2ol = H|w
= C| & o

=) X%/ s T | mig oy | BE(0) | B28= ()
Ru(ZI &) Al,Og 5 90 450 6,000
Ru CNT 2 99 400 6,000
RulLaCs Al,O4 1 >99 400 12,000
Ru Ce0O, Nanorod 2 91.3 400 30,000
Ru Ce0,—CNT 1.5 99 450 25,000
Ru—K Cao 3 91.9 400 9,000
Cs—Ru MgO 100 380 6,000
Ni Al,O;—C 15 99 550 12,000
Ni GDC 10 100 600 30,000
Ni La,0O4 20 94 550 15,000
Ni CeO,/CNT 10 100 550 10,000
Co CNT 10 95 500 6,000
CozMo, Bulk Nitride - 100 500 12,000
Ba—CoFe CeO, 25 93.2 550 30,000
FeCo BZCYYb 10 100 600 15,000
Fe—Co Al,Og4 15 100 580 6,000
CoNi Al,O4 20 100 650 30,000
Ni—Mg—Al Layered double oxide 15 98 550 12,000
Ir Al,O4 2 85 500 6,000
Ru—Ni CeO, 1.0/5.0 99 480 24,000

Z£X: 1S. Mukherjee et al., Applied Catalysis B: Environmental 2018, 226, 162-181
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Figure ES2 Seven states - Odisha, Maharashtra, Tamil Nadu, Uttar Pradesh, Rajasthan, Gujarat, and )
Andhra Pradesh - account for a cumulative 92 per cent of the potential support
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